Introduction {#sec0005}
============

In most temperate terrestrial ecosystems, earthworms (Oligochaeta: Lumbricidae) represent the dominant fraction of the soil faunal biomass, often acting as ecosystem engineers ([@bib0095]) with substantial effects on the structure and fertility of soils. Most earthworm communities consist of different functional groups comprising litter-dwellers (epigeics), soil-dwellers (endogeics) and vertical-burrowers (anecics; [@bib0015]). In temperate grasslands, up to 1000 earthworms m^−2^ have been reported ([@bib0060]). By producing huge amounts of nutrient rich casts -- from 1.4--7.5 ton ha^−1^ a^−1^ ([@bib0090]) up to 40 or even 80 ton ha^−1^ a^−1^ (reviewed in [@bib0055]) -- such populations are a key component of nutrient cycling in soil ([@bib0100], [@bib0135]). These earthworm casts contain more plant nutrients than bulk soil ([@bib0120], [@bib0155], [@bib0205], [@bib0025]) and are also hot spots of microbial ([@bib0125], [@bib0020]) and other invertebrate activity ([@bib0040]). Moreover, earthworms are suggested to affect the diversity of grassland communities ([@bib0185], [@bib0225], [@bib0075]) and are themselves affected by plant diversity ([@bib0210], [@bib0070]).

Despite the earthworms' paramount importance, we still lack a mechanistic understanding of many aspects of interactions, mainly trophic links, between earthworms and other ecosystem components such as microorganisms, plant roots, or mycorrhizae ([@bib0035]). Several researchers have successfully studied the feeding habits of earthworms by means of analysing stable isotope natural abundances ([@bib0170], [@bib0105], [@bib0110], [@bib0150], [@bib0165], [@bib0140], [@bib0145], [@bib0080], [@bib0160]). Natural abundances of stable isotopes can reveal patterns in food-webs, mainly by identifying the trophic level of organisms, but they provide only limited information on functional relationships. These functional relationships have been studied successfully using isotopic tracers by feeding earthworms with isotopically labelled plant material ([@bib0005], [@bib0130], [@bib0010], [@bib0085], [@bib0030], [@bib0180], [@bib0175]). This method seemed to work very well although its wider use is restricted because incorporating stable isotopes into plants requires special growth chambers, which are often not available in ecological laboratories. This was also the motivation for [@bib0050] to test a method whereby the endogeic *Aporrectodea caliginosa* (Savigny) was kept in soil enriched with ^13^C and ^15^N and the label enrichment in tissue and mucus was examined.

In the current study, we tested extensions of the method of [@bib0050] in three major aspects: (i) in addition to the endogeic *A. caliginosa* we also tested the anecic *Lumbricus terrestris* L.; (ii) in addition to earthworm tissue, we also tested earthworm casts for tracer signals; and (iii) we tested if the ^15^N and ^13^C signal in potentially labelled *L. terrestris* casts remains stable over a longer period of time so that casts could be used in later experiments. Additionally, we varied the labelling procedure at several stages where we expected to achieve higher ^15^N and ^13^C enrichments in earthworm tissue and casts: (i) like [@bib0050] we incubated the labelled soil to improve the availability of nitrogen for earthworms through microbial metabolism of ammonium nitrate, but we also tested a variant without soil incubation. (ii) Since microbial activity could also decrease the amount of N and especially of C available through microbial respiration, we included a variant with a staggered application of glucose (^13^C-source) and of ammonium nitrate (^15^N-source). (iii) We set up a variant providing additional food which could improve the earthworms' condition and thus, the incorporation of stable isotopes. The latter variant was also thought to be more suitable for the litter feeding *L. terrestris* than the geophagous *A. caliginosa* ([@bib0045]).

Materials and methods {#sec0010}
=====================

Preparation of ^13^C and ^15^N enriched cultivation substrate for earthworms {#sec0015}
----------------------------------------------------------------------------

Soil (Haplic Chernozem, silty loam, pH = 7.6, *C*~org~ = 2.2 g kg^−1^, *N*~tot~ = 0.117 g kg^−1^) was collected from an arable field at the research farm of the University of Natural Resources and Applied Life Sciences Vienna near Groß-Enzersdorf, Austria, sieved (2 mm) and steam-sterilized (12 h at 120 °C). Following [@bib0050] we used ^13^C~6~H~12~O~6~ (99 at.% ^13^C~6~-glucose; Sigma--Aldrich, Vienna, Austria) and ^15^NH~4~NO~3~ (95 at.% ^15^N-ammonium nitrate; Chemotrade, Leipzig, Germany) in order to dual-label earthworm species, with several modifications as follows ([Fig. 1](#fig0005){ref-type="fig"}): first, we looked at soil containing ^15^NH~4~NO~3~ that was incubated for seven days and soil that was not incubated. Secondly, we either applied 100 mg of ^13^C~6~H~12~O~6~ and 100 mg of ^15^NH~4~NO~3~ once or split it into four applications of 25 mg ^13^C~6~H~12~O~6~ and 25 mg ^15^NH~4~NO~3~ over four days. Thirdly, we established treatments with ground oat flakes addition (as an additional food source) and those with no addition. These treatments were combined resulting in five experiments as shown in [Fig. 1](#fig0005){ref-type="fig"}; one unlabelled control was set up for each experiment.Fig. 1Schematic diagram of the treatments used for ^13^C/^15^N labelling of *L. terrestris* and *A. caliginosa*. An unlabelled control was set up for each treatment (not shown in this diagram).

Treatments with a seven day soil incubation were prepared by filling 200 g sieved and sterilized soil into polypropylene bags, adding (i) 100 mg ^15^NH~4~NO~3~ and 400 mg unlabelled glucose dissolved in 4 ml deionized water (treatment "once + incub"), or (ii) 100 mg ^15^NH~4~NO~3~ and 400 mg unlabelled glucose dissolved in 4 ml deionized water and 20 g ground oat flakes (particle size \<1 mm; treatment "once + incub + oats"), or (iii) 25 mg ^15^NH~4~NO~3~ and 400 mg unlabelled glucose dissolved in 4 ml deionized water (treatment "staggered + incub"). These mixtures were incubated in the dark at 15 °C for seven days. To ensure aerobic conditions and a homogeneous ^15^N distribution, soil was stirred daily. Treatments that did not include soil incubation were prepared seven days later ([Fig. 1](#fig0005){ref-type="fig"}). Here, soil was enriched with (iv) 100 mg ^15^NH~4~NO~3~ and 400 mg unlabelled glucose dissolved in 4 ml deionized water (treatment "once + no incub") or (v) 25 mg ^15^NH~4~NO~3~ and 400 mg unlabelled glucose dissolved in 4 ml deionized water (treatment "staggered + no incub").

Afterwards, the ^15^N labelled soil was transferred into polypropylene boxes (volume 500 ml) and 100 mg ^13^C-glucose dissolved in 2.5 ml deionized water were added to the treatments "once + incub", "once + incub + oats" and "once no incub". In treatments "staggered + incub" and "staggered no incub", 25 mg ^13^C-glucose dissolved in 2.5 ml deionized water were added. On days 2, 3 and 4 of the labelling period (see next section), 25 mg ^15^NH~4~NO~3~, 400 mg unlabelled glucose and 25 mg ^13^C-glucose dissolved in 2.5 ml deionized water were added to treatment with staggered isotope labelling ([Fig. 1](#fig0005){ref-type="fig"}). Overall, all treatments received the same total amount of ammonium nitrate (equals 183 mg N kg^−1^ soil), glucose (equals 200 mg C kg^−1^ soil), and water (6.5 ml) during the experiment.

Labelling of earthworms and casts {#sec0020}
---------------------------------

To label the earthworms, five individuals of *L. terrestris* or *A. caliginosa*, respectively, were held in polypropylene boxes (volume 500 ml) each containing 200 g soil treated and labelled as described above. Boxes with earthworms were stored in the dark at 15 °C. We used adult individuals of *L. terrestris* obtained from two commercial suppliers (R. Pechmann, Langenzersdorf, Austria; Denu\'s Würmer Stuttgart, Germany), with a mean initial biomass of 3684 ± 365 mg. Adult and semi-adult individuals of *A. caliginosa*, with a mean initial biomass of 705 ± 54 mg were collected by hand-sorting from a garden soil south of Vienna, Austria in March 2008. After four days in the labelled soil, earthworms were transferred into new boxes containing 200 g unlabelled and sterilized moist soil. Boxes were again stored in the dark at 15 °C and re-randomized daily.

On days 1, 3, 7, 14 and 21 after transferring the earthworms into unlabelled soil, a pooled sample of casts (a small portion of all casts present in a box taken with a laboratory scoop\'s point) and one earthworm were collected from each replicate and analysed (see below).

Long-term storage of isotopically enriched earthworm casts {#sec0025}
----------------------------------------------------------

Since we planned to use labelled casts of *L. terrestris* for a subsequent experiment, we wanted to test how the isotopic enrichment would be affected by storage. Therefore, after the last worm was taken out of the boxes on day 21 of the above described sampling period, labelled *L. terrestris* casts from treatment "once + incub" were stored in two different ways. First, three boxes containing the labelled casts were stored in the dark at 15 °C in a conditioning cabinet with no additional moisture being added throughout the storage period. Second, six cast samples from each box were packed separately in plastic tissue capsules with grid openings on each side (volume ca. 3 ml; Histosette I, Simport, Beloeil, QC, Canada) and buried at a depth of 30 cm in a pot filled with field soil (volume 40 l) in a greenhouse (mean temperature during storing period: 14.5 ± 3.1 °C). A pooled cast sample of each box and a plastic tissue capsule corresponding to each box were taken every two weeks over a period of 105 days and prepared for analyses.

Isotopic analysis, calculations and statistics {#sec0030}
----------------------------------------------

The earthworm cast samples were dried at 60° for 24 h and homogenized with a ball mill. The earthworms taken from the boxes were rinsed individually with water, dried on tissue paper, weighed and deep-frozen (−20 °C). Later on they were dissected and cleaned of internal organs including intestines by rinsing with a fine stream of distilled water. Only the anterior 15 segments of the frozen earthworms were used to avoid contamination from intestinal contents. Earthworm tissue was dried for 24 h at 60 °C and pulverized manually using a mortar and pestle. Earthworm casts and earthworm tissues were analysed for ^13^C and ^15^N by continuous flow isotope ratio mass spectrometry (CF-IRMS).

For calculations, isotopic enrichment was expressed in atom % excess (APE), where APE is the difference in atom % between the sample and the natural abundance level of ^13^C and ^15^N in the worm tissue or casts from control treatments (*L. terrestris*: tissue 1.080 ± 0.002 at.% ^13^C, 0.369 ± 0.0004 at.% ^15^N, casts 1.096 ± 0.001 at.% ^13^C, 0.379 ± 0.006 at.% ^15^N; *A. caliginosa*: tissue 1.080 ± 0.001 at.% ^13^C, 0.370 ± 0.001 at.% ^15^N, casts 1.096 ± 0.001 at.% ^13^C, 0.378 ± 0.007 at.% ^15^N).

Since data on isotopic enrichments in tissue and casts of both earthworm species were not normally distributed (not even after transformations), we mainly used non-parametric methods in the statistical analysis. We used Kruskal--Wallis-tests to compare all treatments and Mann--Whitney-*U*-tests for two-sample comparisons (i.e., comparisons of species and of sampling dates; pairwise treatment comparisons). Relationships between isotopic enrichments in tissue and casts were tested using Spearman correlations when data were not normally distributed, otherwise Pearson correlations were used. For regression analyses (earthworm biomass vs. enrichment) data were log-transformed to achieve a normal distribution. Enrichment data of tissue and casts are given as the mean ± one standard deviation (SD). Statistical analyses were conducted with SPSS 15 for Windows (SPSS Inc., Chicago, IL, USA).

Results {#sec0035}
=======

In all tissue and cast samples from *L. terrestris* and *A. caliginosa* taken from any of the five treatments, an enrichment of ^15^N and ^13^C compared to the control treatments was found ([Table 1](#tbl0005){ref-type="table"}, [Fig. 2](#fig0010){ref-type="fig"}).Table 1Enrichment levels (atom % excess, APE, means ± SD) with stable isotopes (^13^C and ^15^N) in earthworm tissue and casts (*Lumbricus terrestris*, *Aporrectodea caliginosa*) after feeding four days on labelled soil. Results of Kruskal--Wallis--tests comparing five different labelling treatments (for details see Materials and methods section) are provided.TreatmentsKruskall--Wallis (df = 4)Once + incubOnce + incub + oatStaggered + incubOnce + no incubStaggered + no incub*χ*^2^*P*Tissue -- ^13^C APE*L. terrestris*0.146 ± 0.0630.021 ± 0.0090.029 ± 0.0160.012 ± 0.0040.026 ± 0.01536.13\<0.001*A. caliginosa*0.062 ± 0.0750.019 ± 0.0120.066 ± 0.0360.054 ± 0.0440.058 ± 0.04215.320.004  Tissue -- ^15^N APE*L. terrestris*0.556 ± 0.1380.049 ± 0.0240.160 ± 0.0790.082 ± 0.0660.146 ± 0.05641.26\<0.001*A. caliginosa*0.352 ± 0.1130.050 ± 0.0350.309 ± 0.1380.363 ± 0.1850.475 ± 0.17629.33\<0.001  Casts (days 7--21) -- ^13^C APE*L. terrestris*0.012 ± 0.0080.007 ± 0.0030.002 ± 0.0010.002 ± 0.0010.005 ± 0.00515.890.003*A. caliginosa*0.008 ± 0.0050.003 ± 0.0030.007 ± 0.0030.004 ± 0.0020.007 ± 0.0049.030.060  Casts (days 7--21) -- ^15^N APE*L. terrestris*0.706 ± 0.0690.080 ± 0.0380.578 ± 0.0740.464 ± 0.1540.513 ± 0.14421.96\<0.001*A. caliginosa*0.664 ± 0.1680.110 ± 0.0290.373 ± 0.0240.113 ± 0.0380.426 ± 0.09420.62\<0.001Fig. 2Duration of ^13^C and ^15^N enrichment of earthworm tissue (A--D) and earthworm casts (E--H) over 21 days after labelling (means, *n* = 3).

Tissue enrichment levels for ^15^N and ^13^C differed significantly between treatments in both earthworm species (Kruskal--Wallis-tests; [Table 1](#tbl0005){ref-type="table"}). In *L. terrestris* one treatment (once + incub) resulted in higher enrichment levels than all other treatments ([Fig. 2](#fig0010){ref-type="fig"}A and C); in *A. caliginosa* one treatment (once + incub + oat) showed considerable lower APE values than the other treatments ([Fig. 2](#fig0010){ref-type="fig"}B and D). The addition of oat flakes did not improve the results, but enrichment levels tended to be even lower than in the treatment without oat flakes (once + incub). For ^15^N in *A. caliginosa* casts (*P* = 0.016) and for ^15^N and ^13^C in *L. terrestris* tissue (*P* \< 0.001) these differences were significant (Mann--Whitney-*U*-tests). For all but one treatment (once + incub + oat), the tissue isotopic enrichment differed between the species (Mann--Whitney-*U*-tests, *P* ≤ 0.025). Enrichments in *A. caliginosa* exceeded values in *L. terrestris* and in only in one treatment (once + incub) did *L. terrestris* have a higher enrichment than *A. caliginosa*. Isotopic enrichment did not decrease significantly from day 1 to day 21 (Mann--Whitney-*U*-test, *P* \> 0.05); except for ^15^N APE in *A. caliginosa* (Mann--Whitney-*U*-test, *P* = 0.040).

In earthworm casts, ^15^N enrichments differed significantly between treatments in both species (Kruskal--Wallis, *P* \< 0.001) while ^13^C enrichments did not (*P* ≥ 0.050). Since enrichment levels were obviously higher on the first two sampling dates ([Fig. 2](#fig0010){ref-type="fig"}E--H), treatments were also compared from day 7 on, which revealed significant differences between treatments in ^15^N and ^13^C enrichments in *L. terrestris* and *A. caliginosa* (Kruskal--Wallis, [Table 1](#tbl0005){ref-type="table"}). Overall the treatment "once + incub" had the highest and the treatment "once + incub + oat" the lowest APE values in almost all cases ([Fig. 2](#fig0010){ref-type="fig"}E--H). The ^15^N and ^13^C enrichment of casts showed a similar exponential decline for both species in all treatments during the first three days but stayed approximately at the same level from day 7 to day 21 ([Fig. 2](#fig0010){ref-type="fig"}E--H). Enrichment levels differed significantly between day 1 and day 21 for ^15^N as well as for ^13^C in both species (Mann--Whitney-*U*-tests, *P* ≤ 0.003), but not between days 7 and 21 (Mann--Whitney-*U*-tests, *P* ≥ 0.050). Generally, species did not differ significantly in ^15^N and ^13^C enrichment in their casts (Mann--Whitney-*U*-test, *P* ≥ 0.500), except for the treatment "once + incub + oat" in which *L. terrestris* casts showed significantly higher APE values than those observed in *A. caliginosa* (Mann--Whitney-*U*-test, *P* = 0.004).

The ^15^N enrichment in casts stored in the climate chamber was significantly higher over the whole course of the storage period than in the soil stored casts in the greenhouse (Mann--Whitney-*U*-test, *P* = 0.005; [Fig. 3](#fig0015){ref-type="fig"}A); no such difference was observed for ^13^C (Mann--Whitney-*U*-test, *P* = 0.074; [Fig. 3](#fig0015){ref-type="fig"}B). After 90 days enrichment levels had not decreased significantly compared to the start of the storage period on day 35 (Mann--Whitney-*U*-test, *P* ≥ 0.500).Fig. 3Duration of ^13^C (A) and ^15^N (B) enrichment of labelled *L. terrestris* casts from the treatment once + incub stored in an conditioning cabinet at constant temperature (15 °C) or in soil in a greenhouse (mean temperature 15 °C) from day 35 to day 105 after labelling (for details see Materials and methods section; means, *n* = 3).

The ^15^N and ^13^C enrichments were positively correlated in the tissue as well as in the casts in both species ([Table 2](#tbl0010){ref-type="table"}); similarly, the enrichments in tissue and in the casts, respectively, were positively correlated for both stable isotopes, ^15^N and ^13^C ([Table 2](#tbl0010){ref-type="table"}). For *L. terrestris* the ^13^C enrichment of casts was positively correlated with the initial earthworm biomass (*r*^2^ = 0.827, *P* \< 0.01); no such correlation was found for ^15^N or between *A. caliginosa* biomass and the isotopic enrichment in their casts (*P* ≥ 0.050).Table 2Spearman correlations between ^15^N and ^13^C APE for labelled tissue and casts of *Lumbricus terrestris* and *Aporrectodea caliginosa*.*L. terrestrisA. caliginosar*~s~*Pr*~s~*P*^15^N APE vs. ^13^C APETissue0.782\<0.0010.643\<0.001Casts0.703\<0.0010.648\<0.001  Tissue vs. casts^15^N0.757\<0.0010.512\<0.001^13^C0.4620.0010.4240.001

Discussion {#sec0040}
==========

This is the first study attempting to isotopically label two different functional groups of earthworms using the same method. We could demonstrate that tissue and casts of adults of two different earthworm species can be isotopically labelled in a technically simple way by cultivating them in soil enriched with ^15^N and ^13^C for only four days. From the different variants studied, a one-time addition of isotopes resulted in higher enrichments than a staggered addition of isotopes. For both species, a higher enrichment in tissue always correlated with a higher enrichment in casts. We also demonstrated that isotopically labelled casts can be stored over a period of at least 105 days without significantly decreasing their isotopic signals. It is noteworthy that the method works equally well for earthworms belonging to different functional groups differing in their feeding habits (i.e., soil-feeding *A. caliginosa* vs. litter-feeding *L. terrestris*) ([@bib0035]).

Isotopic enrichment in earthworm tissue {#sec0045}
---------------------------------------

Although we found significant differences between the two earthworm species in isotopic tissue enrichment for certain treatments, the enrichment levels were comparable and no consistent patterns could be seen. Contrary to our expectations, the addition of oat flakes to the labelled soil did not improve the incorporation of isotopic labels into earthworm tissue. This indicates that (i) the method works equally well for earthworms that are not preferential soil-feeders and (ii) it is not necessary to feed *L. terrestris* additional plant litter, as [@bib0050] proposed for litter-feeding earthworms. In contrast, the finding that the addition of oat flakes affected *A. caliginosa* more than *L. terrestris* suggests that the endogeic species is better able to collect small highly palatable food particles than the anecic species. Furthermore, the uptake of non-labelled C and N from this additional food could actually dilute the isotopic signal.

The anecic species, *L. terrestris*, is one of the most active earthworm species in temperate soils but has never been investigated in this respect before and our results show that cultivating this species, as well as *A. caliginosa*, for four days in enriched soil can result in a stable signature in its tissue for at least 21 days. In the study by [@bib0050], tissue of *A. caliginosa* had isotopic enrichments about 20% higher for ^15^N and almost five times higher for ^13^C than in our study, although the amount of ^15^N and ^13^C added to the soil and the average *A. caliginosa* biomass were similar in both studies. However, isotopic incorporation can vary considerably between individuals due to differences in physiological condition, growth and protein turnover ([@bib0115]). Similarly, [@bib0175] and [@bib0050] reported that differences in biomass cause enrichment variability.

In our study, we observed considerable differences in earthworm condition, between individuals as well as between boxes. Some earthworms were in suboptimal condition resulting in overall data variability, partly reduced activity and higher mortality (see missing data points in [Fig. 2](#fig0010){ref-type="fig"}) that could be associated with low enrichment levels. *L. terrestris* had considerably higher enrichment in the "once + incub" treatment than in other treatments, but comparable to the highest enrichments in *A. caliginosa*. In contrast, enrichments in the treatment "once + incub + oat" in *A. caliginosa* were low compared to other treatments, but still at levels similar to some *L. terrestris* treatments.

Isotopic enrichment in earthworm casts {#sec0050}
--------------------------------------

This study is the first to test the feasibility of dual-labelling earthworm casts with ^15^N and ^13^C in a technically simple way: feeding labelled soil to the earthworms and collecting their casts. The results show that even the simplest treatment, without incubation of the ammonium nitrate and with a one-time addition of glucose to the soil, resulted in casts being readily with stable isotopes. It is possible to store labelled casts over a period of 105 days without a significant loss of the labelling signal, which is very useful for planning and preparing experiments where labelled casts are needed. The strength of the isotopic signal in casts differed from that in earthworms tissue, especially between day one and day seven. The latter showed an exponential decrease during this period while the signal in tissue remained stable. This rapid loss during the first days indicates that earthworms still may have had labelled soil in their guts after the transfer to the unlabelled soil, which led to the high amount of label signal on day one. After day seven, the signal in the casts remained stable until day 21 although earthworms fed on unlabelled soil and would thus have diluted the isotopic signal. [@bib0050] found a similar pattern for mucus enrichment in *A. caliginosa* and suggested that two different pools of ^15^N and ^13^C with different turnover times might be responsible for this pattern. Further work would be needed to determine nutrient fluxes and turnover rates in earthworm tissue and casts.

Applications in ecological research {#sec0055}
-----------------------------------

The primary aim of the current work was to test the possibility of producing isotopically labelled earthworms and casts that could be used as a tool in studying functional relationships between earthworms and associated organisms ([@bib0195], [@bib0190], [@bib0065]). Labelled casts could be used to study their utilisation by plants ([@bib0215]) and other organisms or to track the predation upon earthworms. The stable signal in casts would also enable longer-term experiments investigating the role of these nutrient-rich soil microsites for plant nutrition and competitive interactions in plant communities. A better understanding of plant--earthworm-interactions is needed since there is increasing evidence that potential global climate change will significantly affect interactions between plants and earthworms with consequences for ecosystem processes (elevated CO~2~: [@bib0200], [@bib0205], [@bib0215]; ultraviolet-B radiation and warming: [@bib0220]).

Although our results did not clearly identify the best treatment, we recommend adding the labelled glucose and ammonium nitrate all at once and incubating the labelled substrate (once + incub) since this variant resulted in consistently good enrichment levels and was easy to prepare with no need for additional food for earthworms. In summary, the method presented in this study for producing isotopically labelled earthworm casts and tissue proved to be simple, effective and applicable both for soil-feeding and litter-feeding earthworms.
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